Introduction
[2] The Earth's subsurface contains heterogeneities at different scales: karstic structures, tunnels, and mine shafts at the engineering scale and sedimentary basins, mountain roots, and mantle plumes at the exploration and global scale. When seismic waves encounter an inhomogeneity comparable with the dominant wavelength's size, they scatter [Sato and Fehler, 1998 ]. These scattered waves contain information about the medium and can be used for the characterization of scatterers. Surface wave scattering can be effectively used for locating and characterizing near-surface structures in engineering [e.g., Grandjean and Leparoux, 2004; Gelis et al., 2005; Campman and Riyanti, 2007; Kaslilar, 2007; Xia et al., 2007; Chai et al., 2012; Harmankaya et al., 2013] and in exploration and global seismology [e.g., Snieder and Nolet, 1987; Ritzwoller et al., 2002; Rickers et al., 2012] .
[3] One of the methods that can be used for determining the scatterers was proposed using arguments from seismic interferometry (SI). SI traditionally retrieves new seismic responses (Green's functions) by cross-correlating wavefields recorded at two locations from many surrounding sources [Barmin et al., 2011; Campillo and Paul, 2003; Schuster et al., 2004; Shapiro et al., 2005; Snieder, 2004; Wapenaar, 2004] . When the sources do not effectively surround the receivers, next to the physical arrivals also ghost arrivals (also called nonphysical or spurious arrivals) might be retrieved. An example of such a ghost arrival is the correlation of scattered waves at two receivers : Snieder et al. [2008, equation (5), term T4] . This term is a result of the optical theorem and is formally canceled by other terms in the correlation. Here we use this scattered energy by performing an isolated correlation. This is in the spirit of other efforts to use ghost signals in the correlation in SI [Mikesell et al., 2009; Bharadwaj et al., 2012; Halliday and Curtis, 2009; Draganov et al., 2012; Meles and Curtis, 2013] .
[4] When the objective is to retrieve only a specific part of the Green's function, for example, scattered waves between receivers, then only some of the surrounding sources may be sufficient. Those sources should be located in the stationary phase region [Snieder, 2004] , i.e., around the specular ray that passes from a source to one of the receivers (direct field), scatters and is recorded at the other receivers (scattered field). When only one source is present and only scattered fields are correlated, only ghost arrivals will be retrieved [Harmankaya et al., 2013] . We use such correlations of scattered arrivals to estimate the location of a scatterer. Here the scattered waves are body waves, caused by the incident Rayleigh waves. We apply the method for the first time to seismic field data and successfully estimate the location of a buried tunnel.
Method
[5] We utilize a method inspired by SI, but we make use of only one source and an array of receivers. We take the recordings at the receivers from the source and isolate only the scattered wavefield [Harmankaya et al., 2013] by muting all other arrivals. We select a reference receiver, at the virtual source (VS) position, on the isolated record, and cross correlate all the traces with the trace at the virtual source position. This eliminates the common travel path from the real source to the scatterer and reveals the difference in the travel time the scattered wavefield will have when traveling only between the scatterer and the VS and between the scatterer and the rest of the receivers. This results in the retrieval of ghost-scattered waves. The location of the scatterer (x, y, and z) is estimated by inverting for the following ghost travel time relation:
where V is the wave velocity and i is the receiver index.
Retrieval of the ghost field for one virtual source is sufficient for locating the scatterer; however, more virtual sources can be used for comparison of the estimations and averaging.
[6] Even though the method was explained using arguments from SI, it has another explanation as well. If two receivers record the source response along the same raypath in a smooth medium, then the correlation of the recordings would eliminate the time for propagation from the source to the first receiver and would show the travel time difference for the wave to travel between the two receivers. Let us now add a scatterer in the medium. The correlation will show the travel time difference between the direct arrivals and the scattered arrivals. If the direct arrivals are eliminated from the recordings, then the correlation of the scattered arrivals would eliminate the common travel time for the wave to propagate from the source to the scatterer and the result would show the travel time difference from the wave to propagate from the scatterer to each of the receivers. This method has parallels with earthquake location algorithms, where the travel time difference between two direct arrivals, namely of S and P waves to a seismic station provides a relative distance to the earthquake [Stein and Wysession, 2006] .
[7] The considered problem is weakly nonlinear in the unknown positions, so we linearize it to write it in a matrix-vector form as Δd = GΔm and solve it iteratively. The vector Δd = t obs À t calc is the difference between an observed ghost arrival time, t obs , and a calculated one, t calc , on the basis of an assumed scatterer position (equation (1)). The unknown coordinates of the scatterer are denoted by the vector Δm, while the Jacobian (sensitivity) matrix is represented by G. We solve the inverse problem using damped singular value decomposition and calculate the uncertainties of the estimations by the model covariance matrix using a coverage factor 2, which provides a confidence level of 95%. In this example, the wave velocity between the receivers and a scatterer is considered as known and it is estimated from the arrivals in the record. Velocity can also be included as an unknown parameter in Δm, to be estimated along with the scatterer location. Due to the nonlinear nature of the problem, as long as estimating the velocity from the data is possible, we prefer to use it as known parameter to increase the accuracy of the locations.
Estimation of the Location of a Tunnel Acting as Scatterer
[8] We apply the method proposed by Harmankaya et al. [2013] for the first time to seismic field data collected above an a priori known cavity by BRGM (Bureau de Recherche Géologique et Minière) at Jargeau site, Loiret, France [Leparoux et al., 2000] . The data are recorded along a 63 m long profile with many shots and 24 channel receivers. The temporal sampling, nearest offset, shot, and receiver group intervals are 1 ms, 5 m, 1 m, and 1 m. respectively. The cavity is a tunnel with masonry, at 3 m depth from the surface. The size of the tunnel is 2 m by 1.5 m in height and width, respectively (Figure 1 ). The dominant frequency of the records is about 40 Hz. We use the record in Figure 2a and calculate the direct Rayleigh wave velocity from the slope (V R = Δx/Δt) of the direct Rayleigh wave arrival as 180m/s. Considering Figure 1 . Acquisition geometry of the seismic field data above the tunnel (not to scale). The source (star), receivers (triangles), and the tunnel with masonry (rectangle). VS10 and VS16 are selected virtual source locations used in the location estimation. The source location is set as the origin of the acquisition geometry. the dominant frequency and the velocity, we calculate the dominant Rayleigh wavelength as 4.5 m, which is comparable to the size and the depth of the scatterer. As the tunnel is buried, after the scattering of the incident Rayleigh wave field, we obtain body waves. Therefore, for estimating the location of the scatterer, we use S wave velocity (V S ) as 200m/s, calculated by the relation V R ≅ 0.9V S.
[9] To estimate the x and z coordinate of the tunnel, first we need an isolated scattered wave field. In this case, we make advantage of having several shot gathers. Each shot gather consists of 24 receivers and a source at 5 m to the left of the leftmost receiver. We chose two of them: one above and the other away to the left (not above) of the tunnel. The shot gather away from the tunnel is considered as the incident wavefield in the absence of the scatterer (Figure 2a) , and the shot gather above the tunnel is considered as the total wavefield including the scattered wavefield (Figure 2b) . The difference of the assumed total and incident wavefields (Figures 2b and 2a ) results as the scattered wavefield (Figure 2c ) due to the tunnel, provided that the medium properties are not changing significantly in the lateral direction. In Figure 2c the scattered wavefield due to the incidence of Rayleigh waves can be clearly observed. As a first location estimation from the scattered wavefield (Figure 2c ) we chose the second hyperbola with the least distorted waveforms (marked as S1 in Figure 2c ), which is due to the right corner of the tunnel. To remove the remnants of the direct arrivals (i.e., incident wavefield) and also the other redundant arrivals, we mute them out, to obtain a clean scattered wave hyperbola (Figure 3a) . In cases where only one shot gather is available, a frequency-wavenumber (f-k) filter [Buttkus, 2000] can be applied to the data to isolate the scattered wavefield. By f-k filtering, the direct wavefield (linear arrivals) can be separated according to its dip, and the scattered wavefield can be obtained by substracting this direct wavefield from the total wavefield [Harmankaya et al., 2013, section 3, for example].
[10] We then choose VS locations for which we want to retrieve the ghost-scattered waves needed for the inversion. For the shot gather above the tunnel, we set the source position as the origin of the coordinate system and choose the receivers 10 and 16 as the VS locations, i.e., VS10 (14 m) and VS16 (20 m) in Figure 1 . The VS locations are arbitrarily chosen, however, it should be noted that a trace with a waveform that is representative of the waveforms of other traces, will give higher correlation and better arrival time readings. For each VS location, the trace at that receiver is cross-correlated with itself and all other traces on the isolated scattered wavefield. In this way the ghost-scattered waves are retrieved (Figures 3b and 3c) . The correlation of the VS with itself results in an arrival at time t = 0 s, whereas the arrivals in the other traces are shifted in agreement with equation (1).
[11] To perform the inversion, one has to pick the ghost travel times by considering the maximum amplitude of the retrieved ghost arrivals. When the scatterer is different from a point scatterer, the wavefield at the scatterer may undergo scattering, reflection, and refraction and exhibit directionality. In this case, the scattered branches will have different slopes and the point scatterer model (equation (1)) may not work accurately. As the boundary of the scatterer generates scattered wavefields, the travel times at the apex and at one side of the scattering hyperbola can be used for picking the travel times, and for the opposite branch, the symmetry of the readings can be accepted. In the field data, we considered the left and the right tunnel corners to be each a point scatterer and picked the complete ghost travel times for inversion. The updates of the model parameters after each iteration are given in Figure 4b . The inversion is stopped when the changes in the model parameters become less than 0.1%. The estimated coordinates of the tunnel are listed in Table 1 for VS10 and VS16, with their actual locations. We also apply the same procedures to S2 in Figure 2c , which is the scattering from the left corner of the tunnel. The left branch of the scattered wavefield of S2 has distorted waveforms; therefore, we select the VS trace from the right side of S2, VS20, and estimate the location of the tunnel again (S2 in Table 1 ).
[12] We calculate the errors in the estimated model parameters by
where m act and m est are the actual and estimated model parameters (x or z), respectively. We show that we estimate the location of the tunnel with less than 11% error.
[13] For the estimated model parameters at the final iteration, we calculate the ghost travel times and plot them together with the picked (observed) ones in Figure 4a for VS10 and VS16. To quantify the visually observed agreement, we use the following relation
and show the results in Table 1 . It is seen than there is less than 1% error between the observed and the calculated travel times.
Discussion and Conclusion
[14] We showed results from a method inspired by seismic interferometry and inversion to locate scatterers. Only one source is sufficient to locate the scatterers, provided that the scattered wave field is well isolated from the total wave field. We showed the potential of the method on seismic field data at geotechnical scale and successfully estimated the location of a buried tunnel.
[15] In the field data example, we used single-scattered events from the corners of the tunnel in a laterally homogeneous medium. Structures like karst cavities, tunnels, and mine shafts at the engineering scale and sedimentary basins and mountain roots in exploration and global scale can act as single scatterers. As in our example, many shot gathers are common in geotechnical-and exploration-scale experiments, and the scattered wavefield can be isolated by extracting two wavefields as explained in section 3, if background medium properties can be considered alike. In case of a single shot gather and a single scatterer inline with the receiver line, the isolation of the scattered wavefield can be provided by frequency-wavenumber filtering. When a single or many scatterers are present off to the side of the receiver line, to locate the scatterers, a common shot with two parallel or orthogonal receiver lines are required. The selection and isolation of the scattered wavefields in such geometries are relatively easy if small numbers of scatterers are available in the medium. In the presence of many scatterers, the selection of the hyperbola that belongs to the same scatterer may be difficult. For parallel receiver lines using the apices observed around the same receiver locations could overcome these difficulties; for orthogonal lines, selection of the correct hyperbola becomes challenging. One practical solution is to perform the inversion. If hyperbolas corresponding to different scatterers are selected, the observed and the calculated travel time curves will not match and another potential scattering hyperbola can be considered for location purposes. The actual location of the tunnel (AL), the estimated parameters (x and z) with their 95% confidence levels (1.96 σ), percentage errors on the travel times (E t ), and model parameters (E m ) are also given. S1 and S2 indicate that the estimated horizontal coordinate is for the right and left corners of the tunnel, respectively. [16] The detection, monitoring, and stabilization of nearsurface structures are important to mitigate geohazards and environmental hazards, and our method can be considered as one of the alternatives for detecting and locating scatterers. The method is not restricted to the Rayleigh wave scattering discussed in this paper. The same methodology holds for other types of scattering experiments. An important advantage of the presented technique is that the method is independent of the wave propagation from the source to the scatterer. As a result, we foresee application of the method in wavescattering problems not only at geotechnical scale but also at all length scales.
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